Two experiments were conducted in consecutive years to determine the effects of prepartum nutrient level and p o s t p m ruminally undegraded protein intake on nutrient status, milk production, subsequent calf production, and reproductive performance of 126 crossbred, primiparous beef heifers. Prepartum treatments were low nutrient intake (LN) (approximately 2.5 kg of TDN, .5 kg of CP anirnal-l.d-' and maintenance nutrient intake (MN) (5 kg of TDN, 1 kg of CP animat'.d-'), which were fed for 75 d before parturition. Two postpartum protein supplements were formulated to provide 250 g/d of ruminally degradable protein (RD) and one to supply ruminally undegaded protein (UD) at 250 g/d of additional UD CP compared to the RD supplement. Cholesterol was lower (P < .Ol) in heifers given UD than in heifers given RD. Blood urea nitrogen was higher (P < .01) for UD-fed heifers than for RD-fed heifers and was higher in LN heifers (P c .06) than in MN heifers. Milk production did not differ (P > .11) as a result of L;N, MN, UD, or RD. Postpartum cow weight gain was greatest (P < .01) for UD and LN heifers. The percentage of heifers bred during the first estrous cycle of the breeding season was greater (P < .02) for UD than for RD. Overall, prepartum nutrition did not interact with postpartum protein supplement, nor did it have any effect on postpamUn interval, whereas U D increased cow weight gain postpartum and reduced postpartum interval.
Introduction
For many years, it has been accepted that the interaction between reproduction and nutri- ruminal microbial synthesis of protein with DMI or energy concentration of the diet. The objectives of these experiments were to determine 1) the effect of restricted nutrient intake during the third trimester of pregnancy; 2) the effect of ruminally undegraded protein fed in the postpar&um period, and 3) whether interactions exist between prepartum nutrient intake and postpartum ruminally undegraded protein fed to firstcalf beef heifers on reproductive rate, milk production, nutrient status, and calf performance.
Materlals and Methods
Experimenr 1. Seventy-one pregnant, primiparous beef heifers of Angus and Hereford breeding (average age 21 mo; average weight 466 kg) were randomly allotted to two treatments on November 21, 1988. Heifers designated low prepartum nutrient intake (LN)
were allowed access to a salt and dicalcium ~~~ ~ 7American Calan, Northwood. NH.
phosphate mixture and group-fed appmximately 5.5 kg/d of mediumquality grass hay (10.1% CP, 55.6% NDV to restrict nutrient intake and create a nutrient deficiency sufficient to induce weight loss before parturition (March 1, 1989) . Heifers fed the maintenance prepartum nutrient intake (MN) diet were also allowed access to a salt and dicalcium phosphate mixture similar to the LN heifers and received approximately 9.1 kg/d of the hay fed W plus 2.3 kg/d of ground barley during the coldest part of the winter to provide sufficient nutrient intake to prevent loss of BW and condition. Heifers were weighed and condition-scored (1 = emaciated, 10 = obese) monthly.
On January 5, 16 of the heifers from each feed group were placed in pens and trained to use Calan-Broadbent7 individual feeding gates for 3 wk. After parturition, these 32 heifers were individually fed the postpartum diet and used intensively to monitor nutrient status, milk production, and reproduction. The 39 heifers not housed in the individual feeding pens were used to determine pregnancy rate and calf weaning weight (Figure 1) . Nine heifers were removed from the study because of deaths of the calves (5) or culling (4) not related to treatment effects. One heifer of the MN group aborted and was removed from the study. At parturition, calf birth weight, dystocia score, and calf vigor score was recorded for each heifer. Dystocia scores were scored based on 1) no assistance, 2) mild assistance, 3) difficult, major mechanical assistance, and 4) Caesarean section. Calf vigor scores were assigned as 1) no assistance, 2) assistance in getting up and suckling, 3) major assistance requiring feeding with a tube, and 4) dead at birth. Cows were assigned to one of two postpartum treatments within prepartum energy group, birth date, birth weight, and sex of the calf.
Postpartum dietary treatments were 1) ruminally undegraded protein supplement (UD) or 2) ruminally degradable protein supplement (RD). The supplements were formulated to be isoenergetic and isonitrogenous for ruminally degradable protein (to supply 250 g/d). We then assumed similar ruminal function due to any influence of the supplements. The UD supplement was calculated to provided an additional 250 g/d of ruminally undegradable protein above that supplied by the RD supplement (Table 1) . Therefore, any differences in animal responses due to supplement would be attributed to the additional nuninally undegradable protein supplied in UD. A similar formulation strategy was previously reported by Miner and Petersen (1989) . The supplements were fed at a rate of 1,043 g/d.
Laboratory analysis reported UD as 56% CP and RD as 22% CP (on a DM basis). Ruminal degradability and rate of disappearance of each supplement was estimated using an in situ technique (Miner and Petersen, 1989) . In situ degradability at 24 h was 16% for UD and 89% for RD. Rate of disappearance was .8 and 12%/h for UD and RD, respectively. Therefore, the supplements met our experimental criteria.
The 32 individually fed heifers were weighed and bled by venous or arterial puncture of a tail vessel to obtain samples for determination of blood metabolites (blood urea nitrogen, albumin, cholesterol, and creatinine) within 24 h postpamuition. Samples were also taken approximately 3 h postfeeding on d 14, 31, and 51 postpartum for determination of the same metabolites plus glucose and insulin concentration (Sanson and Halford, 1984) . M e r parturition, the heifers were placed in an individual feeding barn and fed a mediumquality grass hay (10.1% CP, 55% NDF) on the basis of 2.5% of their January 15 prepartum BW. The purpose of feeding as a function of BW and to exceed NRC (1984) requirements was to minimize the potential confounding of ruminal microbial protein synthesis, DMI, energy density of the diet, and body condition with the designed differences in feed protein reaching the small intestine. We assumed that maximal microbial protein synthesis was achieved and was equal for all postpartum protein treatments. Therefore, any differences would be due to the additional protein fed from the UD supplement. This feeding regimen provided LN heifers with approximately 113% of NRC (1984) TDN requirements and MN heifers with 116% of requirements for a 454-kg, 2-yr-old nursing
The UD supplementation and hay provided heifers with 180% of the CP requirements and RD with the hay provided 125% of the CP requirements for a 454-kg, nursing, 2-yr-old cow. The goup-fed heifers were allowed to consume similar hay on an ad libitum basis and were groupfed the supplements. Supplementation continued for an average of 60 d postpartum. The 32 individually fed heifers were blocked into two sampling groups dependent on parturition date to simplify sample collection. Sampling time was determined by the mean parturition date of each group. Weekly heifer weights were recorded. MT) and palpated by a qualilied technician for ovarian structures once weekly to determine first ovulation. Pmgesterone concentrations were determined by solidphase RIA provided by commercially available kits*. Limit of sensitivity for the progesterone RIA was 40 pgfml, and the respective interand intraassay CV were 3.3 and 6.3% for a sample containing 15 n@ml and 2.5 and 10.8% for a sample containing 1 ng/ml. Serum progesterone concentrations of 1 ng/ml were used to indicate that ovulation had occurred and that a functional corpus luteum was present on the ovary. This scheme continued until the start of the breeding season (June 3).
On d 30 and 50 postpartum, indwelling jugular catheters were inserted by aseptic procedures into each individually fed heifer. After injection with lidocaine hydrochloride, the jugular vein was punctured and the catheter was inserted. On d 31 and 51, blood samples were taken from the catheters every 20 min for an 8-h period approximately 2 h postfeeding. Samples were analyzed for LH concentration (Staigmiller et al., 1979 ; LARRL, Miles City, Luteinizing hormone peak height, frequency, and basline concentrations were calculated for each heifer by the method of Almond and Dial (1990) . Insulin concentrations were determined for the samples collected on d 51 (Sanson and Hallford, 1984) 'O and insulin baseline and mean concentrations were calculated using the method of Almond and Dial (1990) . Area under the curve was also calculated for insulin release over the 8-h time period (McCann and Reimers, 1985b) .
On d 21, 45, and 60 postpartum, milk production was estimated using a modified weigh-suckleweigh technique. After feeding the cows, calves were removed from their dams and the cows were given an i.m. injection of 40 USP units of oxytocin. The cows were then milked using a portable milking machine (Bed et al., 1990 64 pregnant, yearling heifers were randomly assigned to the LN or MN treatment. Heifers in the LN treatment group were placed in a native vegetation pasture that had been grazed previously to restrict pasture allowance and induce weight loss. Heifers in the MN group that were placed in an alfalfa aftermath field with higher pasture allowance (compared to LN heifers) were also groupfed 2.3 kg/d of pelleted beet pulp mixed with 2.3 kg/d of chopped hay to ensure maintenance of BW.
Pasture forage quality and intake were not measured; however, nutritional status was assessed via regular BW measurements and visual condition score appraisal. Additional hay was provided to MN heifers beginning on November 13 on alternate days at a rate of 9.1 kdd. On December 13, hay was fed at the same rate every day to MN heifers, and LN heifers received approximately 5 kg/d of the same hay. Beet pulp was fed to MN heifers until January 30. At this time, the beet pulp was replaced with ground barley fed at the same rate until time of parturition. In addition to blood samples taken for metabolites on the day of parturition, d 14,31, and 51, a sample was also taken 14 d before the estimated day of parturition. Insulin concentration was determined in the blood samples taken for metabolites. Glucose samples were taken as in Exp. 1. Serial bleeding for L H was not performed in Exp. 2.
The breeding season in Exp. 2 consisted of 30 d of AI and 17 d of natural service. During the AI portion of the breeding season, vasectomized bulls were placed with the cows to detect estrus. Two heifers were removed from this experiment because their calves died.
Statistical Analysis. Results of Exp. 1 and 2 were combined and analyzed with year in the model as a main effect. Cow condition score, initial and final weights, parturition scores, insulin-release area parameters, and L H peak traits were analyzed by least squares ANOVA using the GLM procedure of SAS @AS, 1988) . The model used for cow initial and final weights, cow condition scores, LH traits, and insulin release traits included the main effect of prepartum nutrition level and postpartum protein source plus the interaction between pre-and postpartum nutrition. Postpartum location (whether group-fed or individually fed postpartum), location x prepartum nutrition level, and location x postpartum protein source were added to the model for analysis of June cow weights.
The model used for calf birth weight, calf vigor, and dystocia scores included prepartum nutrition level, sex of calf, birth date, and sire.
Birth weight was included in the model as a covariable for the analysis of dystocia score and calf vigor score, and dystocia score was included a main effect in the analysis of calf vigor, birth, and monthly and weaning calf weights. Cow weekly weights, milk production and composition, insulin concentration of samples taken the same days as blood metabolites, and blood metabolites were analyzed using the repeated measures ANOVA for splitsplit plot designed experiments with the GLM procedure of SAS (SAS, 1988) . Prepartum nutrition, postpartum protein, the interaction between p r e and postpartum nutrition, and sampling period were included in the model as main effects. Sex was included as a covariate in the model for calf weight. Pregnancy rate, the percentage exhibiting estrus before breeding, and the percentage bred during the fist 21 d of the breeding season were analyzed with chi-square analysis with LN, MN, RD, UD, and year as factors.
Results and Dlscusslon
No interaction was detected between prepartum nutrition level and postpartum protein source on postpartum cow weight gain. Cow weight was affected by prepartum nutrition level. Heifers fed LN had lighter (P < .01) weights (Table 2) in December, January, and at breeding (June l), but cow weight gain from parturition to breeding was greater (P < .01) for LN heifers (Figure 2 Rutter and Randel (1984) suggested. They (Rutter and Randel, 1984) showed that reproductive success was dependent on postpartum weight change, not on the absolute body condition of the animal. In addition, Roberson et al. (1989) proposed that the direction of BW change influences secretion of gonadotropins, rather than a critical B W. They compared two groups of beef heifers that weighed the same, but one group was losing weight and the other was gaining weight. They found differences in secretion of LH and FSH between the groups. Butler and Canfield (1989) and Ferguson et al. (1989) concluded that dairy cows in severe negative energy balance early in lactation had longer postpartvm intervals than cows in less severe negative energy balance. When undegradable protein was fed to young beef cows postpartum, more nutrients were available for tissue growth, thus placing the cow in a more favorable nutrient balance and allowing for a shorter anestrus and postparhm interval. Calf birth weight, calf vigor, and dystocia score were not affected by prepartum nutrition level (Table 3) . production was not affected by either prepartum nutrition level or postpartum protein source (Table 4) . No interaction was observed for milk production between prepartum and However, the values for both groups are relatively high compared with concentrations in protein-stressed cows of similar breeding (Miner and Petersen, 1989; Lodman et al., 1990) , which indicates that dietary protein satisfied requirements for milk production and tissue growth. The higher BUN concentration of the UD-fed cows may be indicative of excess protein fed, resulting in deamination of the amino acids and the carbon skeleton used for oxidation metabolism. Glucose concentration was not affected by either prepartum nutrition level or postpartum protein source (Table 5) . Glucose is usually found in limited concentrations in the lactating ruminant; therefore, large differences in nutrient content of our supplements or large changes in animal metabolism would be required to cause accumulation of serum glucose.
Serum albumin was affected by prepartum nutrition level (P < .05) but not by postpartum protein source. Serum cEatinine concentrations were not affected by prepartum nutrition level or postpartum protein source, suggesting that skeletal muscle was not severely catabo-
lized.
Cholesterol concentrations were affected by postpartum protein source, and UD-fed heifers had lower (P e .05) concentrations of cholesterol at d 14,31, and 51 postpartum. Grummer and Carroll (1988) outlined the importance of cholesterol in ovarian function. Trophic hormones increase lipoprotein binding, degradation, and conversion of sterols to steroids. The lower cholesterol concentration found in UDfed cows may have been caused by an increased rate of synthesis of steroid hormones from cholesterol (Waterman et al., 1986) , which would reduce serum cholesterol concentrations.
Insulin concentration in blood samples taken from LN-fed heifers before parturition, on the day of parturition, and at 14 d postpartum were lower (P e .01, P < .03, P < .01, respectively) than those in MN-fed heifers (Table 6) . A trend (P < .12) for UD-fed cows to have a higher insulin concentration at d 51 was found. Overall, LN-fed heifers had lower (P < .01) insulin concentrations postpartum and a trend (P < .14) for a smaller response 20-min intervals for 8 h pigwe 3). McCann and Reimers (1985a) reported that thin heifers had lower insulin concentrations than did obese heifers because obese heifers were resistant to the glucoregulatory effects of insulin. Hunter and Magner (1988) showed that insulin concentration was greater in nonpregnant, nonlactating cattle fed a rumin a y undegradable protein (casein treated with formaldehyde). Hunter and Magner (1988) reported a negative correlation with plasma insulin and milk yield and also showed that supplementation had a greater impact in insulin umcentration between wk 8 to 16 of lactation than in the first 8 wk of lactation. Our study may agree with the results of Hunter and Magner (1988) , because UD-fed cows had a trend for greater (P e .12) insulin concentraarea of insulin secreted sampled at (standard morsmgediiom .03 to .OS mg/ml; "LNVS MN, P < .I, %NVS MN, P < .M). ~e n u n insulin (8) in 2-yr-old cows fed either ruminally uodcgradable protein (UD) or nlminnlly degradable protein (RD) poglntum (standard mors ranged iiom .03 to .OS; ~n, vs RD, P < .01; bVD vs RD, P < .12 CUD vs RD, P < .I, and dm vs RD, P < .MI. tions at d 51 postpartum, which was not seen at d 14 or 31. In addition, UD-fed cows had higher insulin concentrations at 300,320,340, 360, 400, and 420 min (P < .01, .12, .08, .06, .04, and .01, respectively) after sampling was initiated than did heifers receiving RD ( Figure  3 ). Insulin concentration (h4cCann and Reimers, 1985a) is usually sampled from fasted animals. In this study, cows were not fasted before the start of sampling. Therefore, the magnitude of differences seen in this study could be minimized because all animals were fed a daily ration before sampling. Insulin, besides playing a role in nutrient partitioning, may influence reproductive processes indirect- Butler and Canfield (1989) suggested that insulin exerts actions on ovarian tissues similar to those of pituitary gonadotropins. Insulin stimulated androgen production and enhanced LH receptor binding. Therefore, increasing insulin concentration could increase responsiveness to LH pulses and pulse frequency in cattle with higher insulin concentration compared with cattle with lower insulin concentration and similar LH pulse frequency.
The percentage of the heifers exhibiting estrus before the start of the breeding season as determined by progesterone concentration was affected by prepamun nutrition level (Table 7) . Fewer (P < .01) LN-fed heifers were cyclic before the onset of breeding than MN-fed heifers. This observation is in agreement with reports from other researchers (Houghton et al., 1990) who have shown that prepartum restriction of nutrients can lengthen postpartum interval and the percentage of the cattle that are cyclic before the breeding season. However, Houghton et al. (1990) reported no differly.
ence in cycling activity between cattle given low nutrition prepartum and high nutrition postpartum and cattle given high nutrition prepartum and high nutrition postpartum.
The percentage of cattle bred during the first 21 d of the breeding season (Table 7) was affected by postpartum protein source, with a higher (P < .02) percentage of UD-fed heifers being bred. Prepartum nutrition level had no effect (P > .6) on breeding percentage. The lack of effect due to prepartum nutrition does not agree with the results of others (Wiltbank et al., 1962 , 1964 , Corah et al., 1974 and can be explained by the amount of feed fed postpartum. All treatment combinations postpartum in this study were in excess of NRC (1984) CP and TDN requirements for a 2-yr-old nursing cow. Therefore, treatment combinations used in this study were similar to the high prepartum-high postpartum and the low prepartum-high postpartum treatment combinations used in the studies of Wiltbank et al. (1962) , Corah et al. (1974) , and Houghton et al. (1990) . When those two treatment combinations (low-high and highhigh) were compared using the data of Wiltbank et al. (1962) , they found no affect due to low vs high prepartum nutrition level. Only when cattle are fed a low level of nutrition postpartum does reproduction seem to
Suffer.
Even though fewer of the LN cattle exhibited estrus before breeding, an equal percentage were bred by AI in the first 21 d of breeding postpartum as MN cows. Houghton et al. (1990) Rutter and Randel (1984) , who reponed that cattle of a similar weight but able to gain or maintain weight postpartum had higher basal levels of weight postpartum but did not have higher levels of baseline LH. However, LH peak height and LH amplitude were affected by prepartum nutrition: Heifers fed MN had higher maximum LH peak height (P < .03) and LH amplitude (P < .03) at both d 31 and 51. secretion were different l~twm heifers fed UD and RD, but numerically more of the heifers fed UD were cyclic before the start of the breeding season, possibly indicating that heifers fed UD were more responsive to LH secretion than heifers fed RD. Butler and Canfield (1989) suggested that cattle with higher plasma insulin concentrations would be more responsive to LH pulse frequency. By d 51, UD-fed cattle tended to have higher (P < .12) plasma insulin concentrations (Table 6 ) and therefore could be more responsive to similar LH secretion. Nolan et al. (1988) showed a reduced m e t i o n of FSH and LH in (Table 9) show that a greater amount of feed was given to cattle fed MN preparturition than to LN-fed cattle. Heifers fed MN prepartum and RD postpartum (MN-RD) were fed in a more conventional manner.
The MN-RD heifers were kept in good body condition and the feeding management was similar to guidelines suggested by other researchers (Wiltbank et al., 1962; Short et al., 1990) for maximum reproductive rate of firstcalf beef heifers. However, reproductive rate was improved for cattle fed UD postpartum.
Therefore, a LN, UD feeding management scheme could be adopted that would greatly reduce feed inputs while improving both economic and biological efficiency.
Conclusion
Results of this experiment indicate that ruminally undegradable protein fed postpartum cow weight gains and increased reproductive efficiency of those cows, regardless of prepartum nutrition level. No interactions were detected between prepartum nutrition levels and postpartum protein sources. Prepartum nutrition levels used in these experiments had to 2-v-0ld beef COWS increased postpartum no effect on calf performance, parturition difficulty, or calf vigor. The low prepartum nutrition level did influence the number of cows that were cyclic before the breeding season; however, the number of these cows bred in the first 21 d of the breeding season was not affected by treatment. Therefore, when given undegradable protein postpartum, thin cows or those in moderate condition were more reproductively efficient than those cows managed in a more conventional manner, and the total amount of feed inputs during the last trimester of gestation was approximately half that of the conventional system.
The response seen in this study could be speculated to be mediated by insulin in metabolic pathways. Cows restricted in nutrients prepartum and postpartum with decreased adipose tissue would have lower plasma insulin concentrations (McCann and Reimers, 1985a) . With lower insulin concentrations, the ovaries of cows may require longer time periods postpartum to respond to a LH signal or other ovarian functions vital to reproduction. This relationship between nutrition, insulin, and ovarian function may explain why other researchers have concluded that low levels of prepartum nutrition or low body condition adversely affects reproduction. Restricting nutrition reduces plasma insulin concentration. By providing cattle, regardless of body condition, with additional undegradable protein, the pancreas is stimulated to increase insulin secretion (Kaneko, 1989; Weekes, 1991) . The concurrent increase in plasma insulin concentration may partition more nutrients to be utilized for maternal tissue replacement, causing greater weight gains of cows postpartum (Hunter and Magner, 1988) and a slight reduction in milk production. This response would occur to a greater extent in moderately thin cows because they are more responsive (McCann and Reimers, 1985a ) than fleshy cows. Ruminally undegradable protein fed postpartum may act more as a catalyst of metabolic and hormonal activity than as a nutrient satisfying protein requirements for milk production and weight gain.
ET AL.
implications
The management scheme investigated in this research could potentially improve the economic efficiency of beef cows by decreasing winter feed costs while maintaining or decreasing postpartum interval. Also, in times of feed shortages, such as those caused by drought, the management scheme could ensure reproductive success with a limited supply of nutrients fed during the third trimester of pregnancy. Possibly, cow longevity may be improved by supplying ruminally undegradable protein to first-calf heifers and older cows that have lower fer&ility rates and potentially higher culling rates.
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